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ABSTRACT:

kY

Y

A new transistor structure hee—bgen designed which will be
capable of operation at a fundamental frequency above 1 OOONC Used in
conjunction with a coaxial package structure designed for microwave
frequencies, the transistor leads can be made sufficiently short to bring
the self-resonance of the assembly above the fundamental frequency of
oscillation, of the transistor. Measurements are reported on present
transigtors fram which che lead inductances of the T0-5 encapsulation are

calculdted as 3-6nH.

Analysis is given which indicates negative resistance oscillation
should be possible for a frequency range where alpha has a phase shift
between A and 2A radians. Evaluation of present transistors have verified
* the presence of this negative resistance oscillation at 1-1. %KMC

Coaxial mixer circuits haVE“been constructed at Lenkurt
Electric Company.»’U31ng a Bhilee coaxial transistor, reduced- insertion

loss has_boe& achieved at 2KMC.
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PURPOSE¢ \
\{j; ' : : e ;

To conduct a, research-and development programAdesigned to investigate

trangistor design parameters and circuit requirements which determine and/or

influence the parametric mode of transistor operation and to determine”li?

feasibility of develbping an amplifier, mixer, or harmonic generator

operating with high stable gain and low noise at frequencies within the

region of 4 to 1QKMC.__The work shall consist of the following:

£00 TO P , :
1) Evaluate the present parametric mode transistor design
in a suitable microwave mounting without encapsulation for operation in

the 4 to 10KMC frequency range.

2) Evaluate available high frequency transistors in circuits

designed for operation in the 4 to LOKMC frequency range.

3) .Correlate results with thepretical studies and calculafe

device and circuit interact-on.

4) Design and fabricate experimental qptimum device structures
utilizing advanced techniques for fabrication such as epitaxial growth and
oxide masking, and evaluate in circuits for operating in the 4 to 1OKMC

region.
5) Design circuits for operation in the range of 4 to 10KMC.

6) Evaluate experimental transistors and package structures
and determine the capabilities of these transistors for operating in the

parametric mode.

.7) Determine feasibility of developing an amplifier, mixer,
or harmonic generator operating with high stable gain and low noise in the
4 to 10KMC range.

@
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INTRODUCTION:

ot

Outstanding mixer performance:of commercial Philco transistor T1832 a;d
experimental ﬁughes‘mésa transistors has been obtained in a special circuit . ,
invented by V. W. Vodicka. Preliminary studies have‘indicateQ'fhét the :
excellent- down-conversion properties‘in certain types of drift transistors
_are caused by non-linear electrical'charactgristics.with‘aésociated negative’
impedances at - the iqput terminal of a grounded Bhse,'self-6séillating .
transistor. Theoretical studies have been carried out whicﬁ-predict‘a‘

non-quearity of the total emitter capaéitance.aa.a function of current

~ and reveal a "twg-three" terminal negative vesistande behavior of drift

tfansis;ors,’ Since the negative resistance will appear ét frequencies that
are related to the transit-time of ﬁinority carriers acrqss the base region
of the fransistoré; which is itself higher than the cutoff frequency of the
device, it'wés poééible to operate the transistor up to the cutoff frequency
as an oscillator with good mixing action at harmonics of the fundamental
frequency of oscillation. The principle of operation as a mixer and in a
transit-time mode are now under detailed investigation and from this study,
mixer performance and harmonic power generation above 4,000MC will be

explored.

The mixer operation is based on a quasi-parametric, self-pumping effeect
which led-to the designation of 'parametric-mode transistor'. It is, of

course, of importance to show parametric operation in the true sénse of

. the definition and construct a parametric amplifier. This should be indeed

possible when using the negative resistance properties together with the
[1,2,3,3,5]

non-linear reactances (capacitances) of the transistor
1) Device Design

A developmental Hughes GXGl4t Germanium mesa transistor has been used in
the exploratory work on mixer perfbrmance'and harmonic-trangit-time mode

power generation. This device is packaged in the standard TO-5

©
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encapsulation‘and microwave operation above LOOMC is complicated by the
parasitic elements of both transistor and package. Figure i is the top
view of an assembled t%anéiétor‘with the cross-sectioh ‘of the same unit
below it iﬁdicating the average dimensions and genegal material properties.
Figure la is a'phoﬁomicrograph of the actual mgsa structuye, top view,

The average'electrical parameters of these transistors ares

LkO-50 vqlts at 100uA

BV =

BVEB = .8-3 volts at 100pA

a = .92-.985 at VC = -6V and Ie = 2mA

fea ~ 350-4OOMC at V. =-10V and I_ = 2mA

£ ~ 500-600MC at V_ = =10V and I_ = 2mA

max c e

rb'CC ~ LO~60upsec. at Vc = =10V and Ie = 2mA, f = UMC
G~ lbuf at V_ = -6V and f = 500KC

CTE ~ Z-huuf at Ve = =1V and £ = 500KC '

RCS ~ 30-50 ohms

P iﬁ free air 150mW
max

From these average measurements and the physical structure of Figure la
and 1b, a new structure -has been designed by extrapolation which should

give the following electrical performance:

BVCB ~ L0 volts
BVEB ~ .8 volts
o ~ .92
f ~ 800MC
ca
£ ~  1500MC
max
Cc .o~ .1—2p.p.f at Vc = -6V
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CTE ~ 1-2uuf at VE = -.jV
RCS ~ 1-5 ohms

This structurecan incorptwate epitaxial material and a preliminéry run,
with the geometry of Figure 1, has indicated the rgmoval of the collector

series resis;ance} R to a few remaining ohms. -Novﬁransistqrs of the

G
new geometry have bee: fabricated. The arrival of the new masks for this

geometry is expected for the 1lst of August.
2) Package Design

Above LOOMC, the TO-5 package introduces e*tensive parasitic effects of
which the interelectrode capacitance is minor, but the lead inductance is
a major effect when external tuning is required. The inductances are in
the order of 5 - 10 x 10-9H when using the shortest soldered connection

" without sockets. To overcome these parasitic inductances, two new packaging

approaches will be evaluated:

a) Microwave coaxial package
b) MICROSEAL, Hughes dot package

The coaxial packagé structure is outlined in Figure 2. OQutside dimensions
.closg to the Philco coaxial structure are used for socket compatibility.
This coaxial structure is designed to present an electrically terminated
imbedance of about 50 ohms. The diaphragm is plated in a very thin layer
across the dielectric to avoid disturbing the impedance This diaphragm’
also provides isolation between emitter and collector ends. The epitaxial
mesa transistor will be mounted directly onto the center conductor which
can be cored with silver to assure good power dissipation properties. The
‘base lead can be bonded to the very thin diaphragm in several places for

- symmetry. One wire would be only 50-100 mils long and have an inductance
of about 10-9H for a 1 mil diameter wire. The emitter will have a single
-9

1 mil wire attached with approximate inductances of 1 - 2 x 10 “H or less,

-3
.
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depending on how close the silver tube inserteq in:the emitter seal .can be
brought to the mesa. ' Combined with the new transistor design, it should be

possible to operate these transistors in microwave circuits to several KMC,

The Hughes MICROSEAL dot-package, should lend itself to easy incorpora;ion

. into microwave circuits because of ite very small size and it is especialiy
adapted for strinIineicircuits. It can be inserted into a coaxial line,

or into a cavity afrangment, without disturbing the microwave trgnsmission
properties. In addition, the series inductances of emitter and base lead
could be made even smaller than in the proposed coaxial package and even
better microwave performancé could be expected., The design of the MICROSEAL
transistor package is outlined in Figure 3 with dimensions given. A
special jig has been built to evaluate the package and the transistor in"
the GR transfer function meter over a frequency range of 200-1500MC.

3) Measurements on present transistors

General Radio transfer-function bridge measurements have been performed on
transistors in the TO-5 encapsulation over a frequency range of 200-1500MC.
These measurements aided in the determination of the package parasitic

elements.

The two important parameters investigated are input impedance with output

short qircuited-and the current-transfer ratio for the common base configuration.
A typical measurement of the effective input impedance, Zin(eb) , 18 given

in Figure 4. The current~transfer ratio has been measured on tﬁgfactive
transistor and is called effective alpha, a :

eff’
alpha, ab, which is measured on g transistor with the emitter junction,

in contrast to the passive

reverse biased. This establishes a condition in which no minority carrier
current flows in the base region and the passive alpha transfer function of

the passive network can be determined, i.ef, the feedthrough current. The '
knowledge of the effective alpha and the passive alpha enables one to determine

the intrinsic alpha, «

;» of the transistor by vector addition. The intrinsic
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A circuit in Figure 10 was proposed by J, F. Gihbons[6]. In this

arrangement, the collector-to-emitter cqnnectiop is terminated into an
indqctance, Lc’ with the base-to-collector circuit open circuited at the
p%rticular frequency so that no RF current is flowing in the base. .In this
mode, the transistor is operated as a diffusion-delay diode. Oscillatibns
are possible in.a frequency range where o has a phase shift of 180°< (w)<360°.
The circuits of Figures 8 and 9 have been constructed with coaxial line
elements and the'neéative resistance oscillation verified. Power outputs
into 50 ohms loads at 1000-1500MC of about l-1.5mW could be obtained. The
operation, however, has not yet been made satisfactory since lower frequency
oscillation which are not harmonically related to a%, are alqo present and
are attributed to the parasitic elements of Cc’ Le’ Lb’ which cause low
frequency resonance around 300-4OOMC.. It is hoped that with the new structure
in the coaxial package, clean oscillations in the transit-time mode can be

achieved.
5) Circuit studies

To obtain more information about the mixer properties of the emitter-to-base
diode in the experimental drift transistors, a circuit arrangement of Figure 11
has been used. It has been found that by external pumping, certain transistors
in a given frequency rarnge exhibited the Veb- Ie characteristic of Figure llc.
This could be accomplished by tuning the coaxial line connected between
emitter-to-base terminal at a fixed inductance, Lx’ in the collector circuit.
The region with negative slope, would have a 'negative conductance' for the

IF frequency if used as a mixer. Similar behavior has been reported in the
literature 7] for diodes and mixer operation has been discussad. The

expected electrical performance as a mixer would be:

a) Down conversion or mixing with low conversion losses
when the conductance approaches zero and possibly conversion
with gain if very low or slightly negative conductances are

present.

b) Greatly reduced noise figures.

20~
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CONCLUSIONS
[ e
Theoretical analysis.and measurements which have been made indicate the
deleterious effect of the present transistor and package design. Before
theoretical studies ' can be extended, it is essential that experimental

transistor measurements be made as a basis for further analysis,

A transistor structure has been designed that is capable of fundamental
frequencies of 1500MC from which harmonic operation can be reached above LKMC.
However, it will be necessary to fabricate such transistors in a suitable
microwave package té achieve these frequencies in any microwave circuit.

The high frequency transistor design requires the use of epitaxial active
regions for the mesa fabrication and smaller masks for the optimum structure.
The new design must be incorporated in a coaxial, microwave structure which
can be used in conjunction with standard microwave equipment and which will
minimize lead inductance that now produces parasitic resonance below the
desired frequency of oscillation. With the optimum device structure in the
coaxial package design, it should be possible to use the negative resistance

effects studied in the last quarter to obtain oscillation in the 4KMC range.

-25-
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PROGRAM FOR NEXT INTERVAL

Fabrication will be made of transistors with the optimum device structure.
The masks for the smaller geometry will be evaluated. It is expected that
suitable epitaxial growth with resistivity from 10-20 ohm-cm will be available
from another development laboratory program in progress. Six weeks delivery
time will be required for experimental microwave package parts which should
permit some evaluation before the end‘of the next period.‘ Measurements will
be made, however, of the Hughes MICROSEAL package by the same techniques -
described ;n'this repott és used for the standard TO-5 package. If these
measurements prove quite favorable, attempts will be made to encapsulate the
optimized device structure into this package. If suitable material can bg
obtained and time permits, attempts will be made to fabricate a GaAs

transistor suitable for operating in the parametric or transit-time modes.

Complete evaluation will be made of the new transistor structure, of the
microwave package, and'of the effect of the package and transistor combined.:
If sample GaAs transistoré can be made available from the Bureau of Ships
Program at Texas Instruments, they will be evaluated for parametric mode
transit-time mode operation. As soon as suitable transistors can be
fabricated, studies will be made of the negative resistance effects for use

in mixer -action, Transistors encapsﬁlated‘in the new package will be forwarded

to Lenkurt Electric Company for evaluation in their coaxial mixer cavities.

-26~
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~=0.5 volts applied in reverse biased condition. Knowing rb' and R

alpha is only concerned with the current transfer ratio in the base region of
the transistor neglecting external elements. (See Figure 5) Figure 6 gives
the effective alpha, T gg of a typical fransistor under operational. bias
conditions. It has a marked departure from the theoretical behavior of a
drift transistor which is in&icated by the dashed curve., This deviation

from the ideal transistor characteristics is, of course, attributable Eo

the external parasitic circuit elements as given in Figure 5.

The passive alpha, ab, is given in Figure 7 for the emitter junction with

cs and Cc
from separate measurements, it was possible to determine the inductances
Lb and Lc' We obtained the following inductance values: ’

L, = 31x 10"u
L, = 2.6x 10"%1

using transistor parameters

c, = 32x 10”1%F
rbf = 5 ohms
RCS = 15 ohms.

. A theoretical curve for the passive alpha, transfer function for a transistor

with the above vaiues has been plotted as a solid line in Figure 7 from the

following relation:

2
. -
jw ry Cc @ ,Cch . (1)

2
' -
1+ja)(rb + R wcc(;.c+Lb)

CS) Cc

General agreement with the actual measurement has been obtained. Since the
effective alpha is represented by
: 2
' -
i b Cc @ chc
o - (2)
eff >
' -
1 + jw (rb + RCS) C, = wC, (Lc + Lb)

a, + jor

“1lh-
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it is possible, by suitable analysis ip the complex domain, to reconstruct

the intrinsic alpha, a and‘compare it with a theoretical.expregsion

i’

exp( ~jm /@)
a, = o (3)

1+ anE_

The corrected Cogs to'yield @y has ?een plotted in Figure 8 together with
the curve of equation (3) for values of fc = 600MC and m = 1.1, m is the
drift field factor and gives the excess phase over hs‘ at the 3db cutoff
frequency point. m = 1.1 corresponds to a drift field of 8KT/q.

The remaining parameter, Le could be determined from tﬁe measurements of

Figure Y4, when the assumption was made that a series inductance is merely
added to the input impedance,

Zini + Jal, (k)

z
in g¢

An estimate of this barameter by curve fitting led to a value of 4-6 x 1077H.
4) Circuit evaluation

The unilateral gain function, U, has been derived for the drift transistor
without relating it to a specific circuit. We have obtained
|a
U = . (5)
hrb' C-ea? [t - Im (a)@ a>]
c e © C
c

Gains with negative sign are predicted, and this means that a negative
resistance is present at one of the ports of the network. Values of negative
resistance are apparent in equation (5), where in a region of the positive
imaginary part of a, a resistance with a negative sign will appear, e.g.,
when the phase anglé is in a range of 180°< (w)<360°, and provided that
In(a)/w Cc> r, Straightforward circuit analysis of the impedance, Zeb’
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looking into the emitter-to-base terminals of a tramsistor, whemr the
ctollector output is terminated into an inductive reactance, Lc’
(See Figure 9) leads to

»
.
.

2 2 .

2, = r brt|(LT2C 0T c,) (1 &L, C)bwr cc]. (6)
MR- T Y2

(1 - &Lc ) +(or,'C)

c

_ 2 ' a2
- ir," [ b(l - w L.C, ) +wr'C (1 - aw Lcob)]

2 2 : ' 2
(1‘ w LcCc) + (w T Cc)

where 2 is the real ﬁart and b is the imaginary,pért of the complex «.

If L_ is tuned such that at the frequency
o — ' - - (7)

the .imaginary part is a positive maximum (phase angle approximately 270°)

e.g., coaxial line element; then

o [ 2] g

o ¢C o [

The real part of this impedance is exactly thé term which appears in the
denominator of_equation (5) 'and can become negative when b/a% Cc > r,:
By proper termination at the input terminals then, a negative resistance

oscillator will result at . (Figure 9)

To utilize the negative resistance between the collector-to-emitter

terminal as derived by the equation

2o = Lo = 1 [l ao]sin - (]a|cos =-1)]
wC w C
c c
v ~20-
@ . " ’
< @ °
. [
®
* [ ]

(9)
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PART ZII

INTRODUCTION

This document constitutes the letter progress report for the period of
Jtne 30 through July 31 and the first interim qngineefing report on this
projecta

In this study, a Philco.coaxial transistor, L-5431, haq been used with a
coaxial cavity to amplify signals at frequencies ranging from 1-2KMC and
2-LKMC. Two cavities were designed, one for each frequency range; Coaxial
Cavity I, illustrated in Figure 1, for the 1-2KMC frequency range, and '
Coaxi4l Cavity II, Illustrated in Figure 2, for the 2-4KMC frequency range.
Aﬁ thisttime, promising results have been obtained with Coaxial Cavity I

only, although no overall amplifiqation of the signal between the signal

generator and the output of this cavity has been obtained. The gain of the
transistor alone has been determined, howevér, by measuring the difference .
in the insertion losses of the system, first with the transistor power '

supply on, and then with the transistor power supply off.
AMPLIFIER CIRCULIT COMPONENTS

In the amplifier circuit, illustrated in Figure 3, coakial cdpacitor 3 acts
as a variable blocking capacitor which prevents the dc bias of the emitter
junction from reaching the signal generator. This capacitor was built by
replacing the resistor element of an gttenuétor pad with a cylindrical
trimmer (3-10pf). RF chokes 9 and 18 corisist of several turns of hook-up
wire. Theée open wires, as well as’the lead comihg from T-section U4,

are respoqsible for some of the overall losses within the system. Capacitors
10 and 19, each with a capacitance of approximately 1500pf, serve as RF _
bypass capacitors and also protect the transistpr from switching transients.
Potentiometers 11 (500 ohﬁé) and 12 (10,000 ohms) are used for fine and
coarse adjustments, respectively, of tﬁe enitter current. Fixed resistors
13 (200 ohms) and 17 (100 ohms) protect the transistor. In this amplifier

circuit, the emitter currents range from 1 to ima at points of resonance.
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CONSTRUCTION OF COAXIAL CAVITY I

The construction of .Coaxial Cavity I is shown in Figure 4 which has been

drawn on an approximate 1:1 scale.
PERFORMANCE OF COAXIAL CAVITY 1

Figure 5 shows the voltage gain of the signal generator. and the'ougput of
Coaxial Cavity I with the power to the'traﬁsistor first on, and then off.
Since the RF meter used for these measurements gives comparative voltage
readings, the difference ?etween the insertion losses of the circuit with
the power to the transistor on and then off 1s a measure of. the transistor
amplification when the SWR of the line is 1.

As may be seen froﬁ Figure 6, the amplification or voltage gain of the
transistor exceeds 30 db at 1050MC. This gaih 1s a result of the change in
impedance at a resonant condition (although the transistor is nearly unstable
at a resonant coﬁdition), but the gain decreases to 7 db at a frequency of
2KMC. It may also be noted that the cavity is multi-resonant. Since these
resonances occur after adjusting the length of the cavity and the emitter

current, their presence 1s not objectionable.

Figure 7 indicdtes the'perfqrmance of Coaxial Cavity I. Thus, this cavity
has a Q, of 122 at 1KMC and a Q of L4s at 2KMC. These low values for the

.loaded Q's are the "lossy" contact between the inner and outer tube of the

cévity as well as lpsses in the magnetic output pickup loop installed at the
front end of the cavity.

CONCLUSION

1) The optimum performance of Coaxial Cavity I occurs at 2KMC,
and maximum transistor amplification occurs at 1KMC.

2) The amplifier circuit may be improved by decreasing the

insertion loss of the circuit components and increasing the Q of both
’ ]
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Coaxial Cavity I and Coaxial Cavity II. Thus, the circuit will be improved

by:
a) Replacing RF chokes 9 and 18 with coaxial chokes.
b) Changing the output pick-up loop to a capacitative
type of pick-up loop. :
‘c) Using cylindrical cavities (without center stubs)
for amplification.
d) Improving the design of the miniature 2-4KMC
cavity, Coaxial Cavity I1I. .
-30- [
®
? '
[0} . [
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FIGURE 1,

COAXIAL CAVITY I
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adjustable coaxial blocking capacitor

T junction

Couxial transistor (Philco L-5431)

Coaxial cavils

Single stub iunex

91 CA Boonton RF voltmeter
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